The Kit system, including Kit ligand and its receptor Kit, has critical roles in mammalian reproduction, especially in the ovary. Unlike mammalian species, two copies of genes are present in the zebrafish genome for both ligand (kitlga and kitlgb) and receptor (kita and kitb). Phylogenetic and chromosome synteny analyses suggest that these duplicated genes were likely derived from the third round of genome duplication in vertebrate evolution. All four Kit system members were expressed in the zebrafish ovary, suggesting potential roles for the system in ovarian development and function. As the first step toward understanding the Kit system in the zebrafish ovary, especially the differential roles of different forms of ligand and receptor, the present study was undertaken to analyze the temporal expression profiles of the Kit system during folliculogenesis. All members of the Kit system exhibited significant and distinct variation in expression, particularly in the periovulatory period. During the transition from the primary growth to secondary growth, kitlga showed a dramatic increase, suggesting a role for Kit signaling in follicle recruitment. During final oocyte maturation, kitlga expression significantly decreased after a transitional surge before germinal vesicle breakdown, whereas all other members exhibited an increased expression, with kitlgb and kita reaching the peak expression levels in the ovulated eggs. Our results provide strong evidence that the Kit system is involved in regulating zebrafish ovarian function and that different isoforms of Kit and Kit ligand may have differential roles in folliculogenesis. This provides an example for neofunctionalization of duplicated genes in vertebrates.
INTRODUCTION
As an important growth factor, Kit ligand (or stem cell factor) and its receptor Kit have received increasing attention in recent years, especially their roles in the gonads and embryonic development. In mammals, the Kit system consists of one ligand (Kitl on the Sl locus in mice) and one major cognate receptor (Kit on the W locus in mice) [1] [2] [3] [4] [5] [6] . It is well known that Kit belongs to the type III tyrosine kinase family [7] [8] [9] and that its binding by Kit ligand leads to a quick dimerization and activation of the receptor [10] , inducing a series of cellular responses via a cascade of signal transduction [11, 12] .
The Kit system has critical roles in vertebrate life because it is involved in almost all aspects of development and growth [6, [13] [14] [15] . In addition to its well-characterized functions in melanogenesis [16, 17] and hematopoiesis [18] , the importance of the Kit system in reproduction is also well recognized in mammals. The interaction between Kit ligand and its receptor Kit has been implicated in primordial germ cell (PGC) migration, survival, and proliferation during embryonic development [19] , as well as spermatogenesis and oogenesis in the adults [13, 16, 17] . In mouse embryos, Kit is expressed in PGCs as early as 7.5 days postcoitum [20, 21] , while Kitl is expressed by the microenvironment along the migratory pathway of PGCs from 9 days postcoitum onward [6, [22] [23] [24] . Mutation in either Kit or Kitl, therefore, may lead to failure of PGC migration to the gonads. In addition to directing PGC migration, the Kit system also promotes PGC proliferation and survival during migration. The number of PGCs in a homozygous Kit mutant (W e /W e ) is much lower than that in the heterozygous or wild-type mice [25] .
The Kit system also has important roles in postnatal development of gonads. In mouse testis, the Sertoli cells express Kitl, whereas multiple other types of cells express Kit mRNA, including type A and B spermatogonia, primary spermatocytes, and Leydig cells [20, 22] . In the ovary of postnatal mouse, Kit is expressed primarily by the oocytes and theca cells, while the expression of its ligand Kitl is restricted to the granulosa cells [20, 21, 26] . The expression level of Kit is high from primordial to antral follicles in folliculogenesis [26] [27] [28] ; in contrast, the expression level of Kitl in the granulosa cells is low in primordial follicles but gradually increases with oocyte growth and maturation of oocytes [16, 17, 27, 29] . The indispensable role of the Kit system in postnatal gonadal development has been further confirmed in mice with a point mutation in Kit [24] .
Despite that very little is known about the Kit system in other vertebrates, its existence has been demonstrated in fish, particularly the zebrafish [30, 31] . Interestingly, in contrast to mammals, which have one gene for Kit and Kit ligand in the genome, there exist two genes for Kit (kita and kitb) and Kit ligand (kitlga and kitlgb) in the zebrafish genome. This is likely due to the specific genome duplication in fish evolution (threeround [3R] hypothesis) [32] [33] [34] [35] [36] [37] . Because most duplicated genes have been lost during fish evolution due to natural selection (nonfunctionalization), the existence of duplicated genes in the genome would suggest either functional partition of the original gene (subfunctionalization) or acquisition of new functions (neofunctionalization) [11, 12, 33, 34, [38] [39] [40] [41] [42] [43] [44] . As for the function in zebrafish reproduction, the significance of the two ligands and receptors remains entirely unknown.
As the first step toward understanding the Kit system and its function in fish reproduction, the present study was undertaken using the zebrafish as the model to characterize the two forms of Kit ligand (kitlga and kitlgb) and Kit (kita and kitb) in the ovary, with particular emphasis on the differential functions of the ligand and receptor isoforms. After cloning the cDNA for zebrafish kitb, we performed phylogenetic and chromosome synteny analyses on members of the Kit system, followed by examining their tissue distribution. We then analyzed temporal expression profiles of all members of the zebrafish Kit system during ovarian folliculogenesis, focusing particularly on the periovulatory period. Although the exact roles by different members of the Kit system in the ovary still remain elusive, the evidence from the present study strongly suggests functional differentiation for the two isoforms of both Kit and Kit ligand.
MATERIALS AND METHODS

Animals and Chemicals
Zebrafish (Danio rerio) were obtained from a local tropical fish market and maintained in flow-through aquaria at 28 6 18C on a photoperiod of 14L:10D, with lights on at 800 h. The fish were fed twice a day with the commercial tropical fish feed Otohime S1 (Marubeni Nisshin Feed Co., Tokyo, Japan) and once with frozen artemia. All experiments performed were licensed by the Government of the Hong Kong Special Administrative Region and endorsed by the Animal Experimentation Ethics Committee of The Chinese University of Hong Kong. Unless otherwise indicated, all common chemicals used were purchased from Sigma (St. Louis, MO), USB Corporation (Cleveland, OH), GE Healthcare (Waukesha, WI), or Merck (Whitehouse Station, NJ); enzymes from Promega (Madison, WI); and culture medium from Gibco Invitrogen (Carlsbad, CA).
Cloning and Sequencing of Zebrafish kitb cDNA
The cDNA sequences of zebrafish kitlga, kitlgb, and kita were obtained from GenBank (AY929068, AY929069, and NM_131053, respectively). For kitb, a partial genomic sequence was available in the Ensembl data bank (ENSDARG00000056133; http://www.ensembl.org/Danio_rerio/), and the exons of kitb were predicted by CBS Prediction Servers (http://www.cbs.dtu. dk/services/) and SoftBerry (http://www.softberry.com/berry.phtml). Specific primers were then designed based on the predicted sequence for amplification of the coding sequence. The amplicon was then cloned into pBluescript II KS(þ) (Stratagene, La Jolla, CA) for sequencing. The sequencing reaction was performed with the BigDye Terminator Cycle Sequencing Kit v3.1 and analyzed on the ABI PRISM 3100 Genetic Analyzer (both from Applied Biosystems, Foster City, CA).
Phylogenetic and Chromosome Synteny Analyses
Sequences of Kit system proteins from different vertebrate species were aligned using ClustalW (MacVector, Cary, NC). Phylogenetic trees were constructed using the maximum likelihood method (100 runs; Phylip 3.62, Joseph Felsenstein, Washington University, Seattle, WA). The tBLASTn search was performed in Ensembl (http://www.ensembl.org/index.html) and National Center for Biotechnology Information (NCBI) (http://www.ncbi.nlm. nih.gov/BLAST/) data banks using zebrafish Kit ligands or receptors as query sequences to search for the corresponding orthologues in genome databases of human, medaka, takifugu, and stickleback. The synteny was then determined according to the genetic information of their chromosome linkage from Ensembl and NCBI data banks.
Isolation of Ovarian Follicles
After anesthetization on ice and decapitation, ovaries were removed from 10 to 20 female zebrafish and placed in a 100-mm Petri dish containing 60% Leibovitz L-15 medium (Invitrogen). The follicles of different stages were manually isolated and grouped into six developmental stages: primary growth (stage I), previtellogenic (stage II), early vitellogenic (early stage III), midvitellogenic (mid stage III), full grown (late stage III), and mature (germinal vesicle breakdown [GVBD, stage IV]). The staging of the follicles was based on our previous study [45] .
To collect follicles of full-grown and later stages in the periovulatory period, several groups of fish with similar body size were set up (about 10 males and 10 females per group) in different tanks 1 day before follicle collection for sampling at different times (500, 600, 700, and 800 h). The ovaries from each time point were quickly dispersed in L-15 medium, and fullgrown but immature follicles (500 and 600 h), mature but nonovulated follicles (700 h), and ovulated eggs (800 h) were isolated for RNA extraction.
Follicle Incubation
To obtain follicles that matured spontaneously in vitro, the immature fullgrown follicles (approximately 0.65 mm) were isolated and incubated as previously reported [46] . In brief, the follicles isolated from 10 to 20 gravid female zebrafish were placed in a 24-well plate (about 40 follicles per well) with 1 ml of medium in each well. After incubation for 6 h at 288C, the follicles that had undergone GVBD, which is a visible morphological marker for oocyte maturation [46] , were separated from the immature ones.
Embryo Collection
To follow the temporal expression patterns of the Kit system beyond fertilization, we collected embryos of different developmental stages. Collection was according to the method published previously [47] for quantitative PCR analysis.
Total RNA Isolation and RT
Total RNA was extracted from tissues, ovarian follicles, and embryos with Tri-Reagent (Molecular Research Center, Cincinnati, OH) according to the manufacturer's protocol and our previous study [48] . The RT was then performed on 3 lg of total RNA at 378C for 2 h in a volume of 10 ll containing 0.5 lg of oligo(dT), 13 M-MLV RT buffer, 0.5 mM each deoxyribonucleotide triphosphate (dNTP), 0.1 mM dithiothreitol, and 100 U of M-MLV RT (Invitrogen).
Quantification of Gene Expression by Real-Time Quantitative PCR
Real-time quantitative PCR was performed to quantify the expression of the Kit system in the zebrafish ovary. The template for the standard curve of each gene was prepared by PCR amplification of cDNA fragments with specific primers (Table 1) . After purification with a PCR Purification Kit (Qiagen, Valencia, CA), the amplified DNA amplicons were quantified with the software Quantity One (Bio-Rad, Hercules, CA) using the Mass Ruler DNA marker (MBI Fermentas, Hanover, MD) as the standard, and the copy numbers of the 
Data Analysis
The ratio of target gene expression to that of the internal control ef1a was calculated and then expressed as the fold change compared with the control or reference group. All values were expressed as the mean 6 SEM, and the data were analyzed by one-way ANOVA, followed by Dunnett test using Prism 5 on Macintosh OS X (GraphPad Software, San Diego, CA). All experiments were performed at least twice to ensure repeatable results.
RESULTS
Bioinformatics Analysis of the Kit System in the Zebrafish
In the zebrafish, the Kit system includes two ligands, kitlga and kitlgb, and two receptors, kita and kitb. For kitb, we obtained two expressed sequence tag sequences of kitb from GenBank and retrieved their corresponding genomic sequences. Using the tools CBS Prediction Servers and SoftBerry for gene prediction and tBLASTn search in NCBI and Ensembl data bases for kitb sequences from other teleosts, we obtained the deduced amino acid sequence of zebrafish kitb, which allowed us to clone the cDNA subsequently. The sequence of the cloned kitb cDNA has been deposited in GenBank (accession number GQ994993). Sequence analysis with the aforementioned tools suggested that both kita and kitb were members of the classical receptor tyrosine kinase family. We have further confirmed this by expressing the two receptors in the COS cells and examining their responses to recombinant zebrafish Kitlga and Kitlgb by Western analysis (Yao and Ge, unpublished results).
Amino acid sequence analysis demonstrated that the two receptors (Kita and Kitb) are highly conserved, especially in the intracellular domains, with sequence identity being 44.6%, 60.9%, 73.7%, 21.9%, 100%, and 90% over the extracellular domain, transmembrane domain, juxtamembrane domain, kinase insert domain, catalytic loop, and activation loop, respectively. In contrast, the two ligands exhibit relatively higher sequence variation with approximately 30% sequence identity (Supplemental Fig. S1 , all Supplemental Data are available at www.biolreprod.org). In the zebrafish genome, the genes coding for Kita and Kitb have 21 and 20 exons, respectively, whereas those for Kitlga and Kitlgb have nine and eight exons, respectively (Supplemental Fig. S2 ).
Phylogenetic analysis revealed that zebrafish kitlga was clustered with those of takifugu, tetraodon, and stickleback, as were kitlgb, kita, and kitb (Supplemental Fig. S3 ). Synteny analysis on the Kit system in human and teleosts showed that a variety of genes on human chromosome 12 containing KITLG had respective homologues on zebrafish chromosome 4 containing kitlgb and chromosome 25 containing kitlga (Fig.  1A) . This conserved synteny was also apparent among teleost chromosomes, including chromosome 25, group XIX, and ultracontig 72 for kitlga in zebrafish, stickleback, and medaka, respectively, as well as chromosome 4, group IV, and chromosome 23 for kitlgb in zebrafish, stickleback, and medaka, respectively (Fig. 2, A and B) . Despite that zebrafish chromosome 20 with kitb had no corresponding conserved regions of human chromosome 4 with KIT and zebrafish chromosome 20 with kita (Fig. 1B) , the synteny was much more evident among chromosome 20, group VIII, and chromosome 4 for kita in zebrafish, stickleback, and medaka, respectively, and among chromosome 1, group IX, and chromosome 1 for kitb in zebrafish, stickleback, and medaka, respectively (Fig. 2, C and D) .
Tissue Distribution of Kit Ligands and Receptors
As a growth factor family important in development, Kit ligand and Kit are expected to act in a wide range of cells and tissues. The RT-PCR analysis of zebrafish tissues (brain, gill, kidney, liver, muscle, ovary, and testis) demonstrated that kitlga and kita existed in all tissues examined, including the ovary and testis. Similarly, kitlgb and kitb also exhibited a wide tissue distribution; however, these two genes were not expressed in the liver (Fig. 3) . The expression of all Kit system members in the gonads highlights their involvement and importance in zebrafish reproduction.
Temporal Expression Profiles of the Kit System During Folliculogenesis
To provide clues to the roles of the Kit system in the zebrafish ovary, we further examined their temporal expression profiles in folliculogenesis. Interestingly, the two isoforms of Kit and Kit ligand exhibited significantly different expression profiles during follicle growth and maturation.
As the orthologue of mammalian Kit ligand in the zebrafish, kitlga showed a dramatic increase in expression during the transition from the primary growth phase to the fast secondary growth phase or from the primary growth stage to the previtellogenic stage. After reaching the peak level at the early vitellogenic stage, kitlga expression declined steadily afterward. Interestingly, the expression of kitlga dropped significantly to a marginal level in the ovulated oocytes, which were free of the somatic follicle cells. In contrast, kitlgb showed a significant drop in expression during the primary growthprevitellogenic transition, and its level remained stable afterward (Fig. 4A) .
The expression profiles of the two receptors during folliculogenesis were even more impressive compared with the ligands. The expression of kita was relatively stable from primary growth to full-grown stage; however, its level surged dramatically in the ovulated eggs after final maturation. As for kitb, its expression dropped significantly during the transition from primary growth to previtellogenic stage and remained very low afterward, similar to kitlgb; however, the kitb expression level surged at the full-grown stage. Interestingly, the increase of kitb expression occurred before final maturation, whereas kita expression surged in the ovulated eggs after maturation. In the ovulated eggs, kitb expression was barely detectable (Fig. 4B) .
Expression Profiles of the Kit System During In Vivo and In Vitro Oocyte Maturation
To provide additional evidence for the role of the Kit system in oocyte maturation, ovulation, or even postovulatory events such as fertilization, we further examined the expression profiles of the Kit system in vivo in the full-grown follicles or ovulated eggs before and after maturation. In our laboratory, we adopted a 14L:10D scheme with lights on at 800 h and off at 2200 h. According to our experience, the full-grown follicles that have undergone final maturation but not ovulation can normally be seen in the ovaries sampled at 700 h (1 h before lights on), whereas the ovaries collected at 800 h often contain ovulated eggs. In this experiment, we sampled full-grown follicles at 500 h (À3 h, immature), 600 h (À2 h, immature), 700 h (À1 h, mature), and 800 h (0 h, ovulated) for quantitative determination of Kit system expression. The mature but nonovulated follicles and the ovulated eggs could be easily distinguished by their distinct morphologies. When placed in the medium, the chorion of the ovulated eggs became quickly detached from the oocyte surface and expanded, which did not happen in the mature but nonovulated follicles (Fig. 5) . In addition, due to the presence of the somatic follicle layer, the nonovulated follicles were often seen with some young follicles attached.
During the periovulatory period, all Kit system members displayed significant variation in expression before and after maturation. At 600 h, which was 1 h before GVBD was noticed, the expression level of kitlga increased dramatically compared with the level at 500 h. Its expression dropped significantly at 700 h in the GVBD or mature follicles and continued to decrease to a very low level in the ovulated eggs at 800 h. In contrast, kitlgb expression was low at 500 h and 600 h but increased at 700 h in the mature follicles, although the increase was not statistically significant. Interestingly, its level continued to increase and surged in the ovulated eggs collected at 800 h (Fig. 5) . 
Kit SYSTEM IN THE ZEBRAFISH OVARY
The two Kit receptors also exhibited distinct and significant changes during this period. There was a marginal increase in kita expression at 700 h in GVBD follicles compared with the immature full-grown follicles sampled at 500 h and 600 h; however, its expression rose dramatically in the ovulated eggs collected at 800 h, similar to the pattern of kitlgb. In contrast, kitb expression started to increase at 600 h and continued to rise to the maximal level at 700 h in the GVBD follicles. Interestingly, no kitb transcript could be detected in the ovulated eggs at 800 h (Fig. 5) .
Among the four genes examined, kitlga was the only one that exhibited a decreased expression in the mature follicles at 700 h, whereas the other three genes all increased their expression, although the increase was not statistically significant for kitlgb and kita due to their exceedingly high expression level in the ovulated eggs at 800 h (Fig. 5) . To test if the expression changes of these genes observed at 700 h in the GVBD follicles were related to the event of final maturation, we performed another experiment to compare the expression levels of the target genes in the immature fullgrown follicles and mature GVBD follicles isolated at the same time of 700 h. As shown in Figure 6 , compared with the levels in the immature full-grown follicles, kitlga decreased its expression in the mature GVBD follicles, whereas the other three genes (kitlgb, kita, and kitb) exhibited an increased expression, consistent with the results already obtained, between the immature full-grown follicles collected at 600 h and mature GVBD follicles collected at 700 h.
To further confirm these observations, we performed an in vitro experiment by incubating immature full-grown follicles in vitro, during which some follicles would undergo spontaneous maturation as we reported previously [45, 46] . After 6-h incubation, the follicles that matured in vitro were separated from the immature follicles, and the expression levels of the Kit system were determined and compared. Similar to the in vivo data already described, kitlga expression decreased, whereas kitlgb and kita expression both increased in the GVBD follicles that matured spontaneously in vitro. However, different from the in vivo observation, the expression of kitb did not show any change during the in vitro spontaneous maturation (Fig. 6 ).
Developmental Profiles of Kit System Transcripts During Embryogenesis
The significant changes of Kit system transcripts during folliculogenesis, especially in late stages of development, raise an interesting question about their levels beyond fertilization. In this experiment, we examined the expression profiles of the ligands (kitlga and kitlgb) and receptors (kita and kitb) during the entire embryogenesis. We used full-grown follicles as the control and reference point. Because the expression of housekeeping gene ef1a changed its expression dramatically 
FIG. 5. Periovulatory expression profiles of the Kit system in vivo.
Follicles were collected at different time points (500, 600, 700, and 800 h). Follicles sampled at 500 h and 600 h were immature FG follicles (stage III, a at the bottom), while those sampled at 700 h and 800 h were GVBD follicles (b at the bottom) and ovulated eggs (c at the bottom), respectively. The expression levels at different time points were determined by realtime quantitative PCR, and values are the mean 6 SEM (n ¼ 3) from a representative experiment. *P , 0.05, **P , 0.01, ***P , 0.001 vs. 500 h.
Kit SYSTEM IN THE ZEBRAFISH OVARY during embryogenesis, we did not normalize target gene expression to it in this experiment (Fig. 7) . Consistent with the marginal expression level detected in the ovulated eggs, kitlga had nearly undetectable expression at the 4-cell stage after fertilization, but its level increased steadily and dramatically after the sphere stage, reaching the highest level at the hatching stage. By comparison, kitlgb had a detectable expression at the 4-cell stage, and its level started to rise significantly at the 8-somite stage. As for the receptors, kita transcript was abundant at the 4-cell stage, consistent with its high expression level in the ovulated eggs. However, this high expression level did not last long, and it decreased significantly at the sphere stage and continued to decline to nearly undetectable level at the shield stage. The expression quickly went up again at the bud stage and continued to rise afterward. Different from kita but similar to kitlgb, kitb had nearly undetectable expression at the 4-cell stage, and its level remained very low through the bud stage; however, the expression elevated significantly beyond the 8-somite stage.
It is worth noting that the four target genes exhibited distinct expression levels at the 4-cell stage after fertilization. Compared with the control of immature full-grown follicles, kitlga and kitb expression was nearly undetectable at this stage, FIG. 6 . Left: comparison of Kit system expression between immature and mature follicles in vivo. Immature full-grown follicles and mature GVBD follicles were isolated at 700 h for RNA extraction and quantitative PCR analysis. Right: comparison of Kit system expression between immature and mature follicles in vitro. The full-grown follicles were incubated for 6 h in vitro, followed by separation of the immature and mature follicles for quantitative PCR analysis. Values are the mean 6 SEM (n ! 3) from a representative experiment. *P , 0.05, **P , 0.01 vs. immature follicles.
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YAO AND GE whereas kitlgb and kita both had detectable mRNA levels, with kita expression being even higher than that in the full-grown follicles, reflecting its high level of expression in the unfertilized ovulated eggs (Fig. 7) .
DISCUSSION
It is well documented that the Kit system has important roles in reproduction. During prenatal embryonic development, the Kit system is essential for PGC migration, proliferation, and survival. In the postnatal period, the system continues to regulate gonadal development and gametogenesis in adults. Most of these studies, however, have been carried out in mammalian models, and very little is known about the Kit system in reproduction of other nonmammalian vertebrates.
In the present study, we demonstrated that the Kit system in the zebrafish consists of two pairs of homologues for the ligand (kitlga and kitlgb) and receptor (kita and kitb). This might be caused by genome duplication in vertebrate evolution. To date, it has been proposed that whole-genome duplication has occurred three times in the vertebrate lineage (3R hypothesis) [32-34, 36, 37] . The third round has been proposed to be specific to ray-finned fish, which accounts for the complexity and diversity of teleost fish compared with other vertebrates. After genome duplication, the duplicated genes might have different fates, including nonfunctionalization, subfunctionalization, and neofunctionalization [11, 12, [33] [34] [35] [38] [39] [40] [41] [42] [43] [44] . Our phylogenic and chromosome synteny analyses in the zebrafish suggest that the duplicated genes of Kit and Kit ligand in the zebrafish are likely derived from the third genome duplication. Both forms of zebrafish Kit receptors (kita and kitb) seem to be functional, and the expression pattern of kita and kitb in zebrafish embryos partially recapitulates that of mouse Kit [31] . However, in contrast to the well-documented function of the Kit system in mammalian PGCs, in situ hybridization in the zebrafish failed to demonstrate the expression of kita or kitb in the PGCs [30, 31] . Despite this, our data in the present study showed that all members of the zebrafish Kit system, including the ligands (kitlga and kitlgb) and receptors (kita and kitb), are expressed in the ovary, suggesting potential roles for the system in controlling ovarian development and function.
Although we do not understand the importance of the Kit system in zebrafish reproduction, the expression profile analysis in the present study provided lines of evidence for the involvement of the Kit system in the zebrafish ovarian folliculogenesis. Members of the Kit system displayed dramatic changes in their expression during folliculogenesis from follicle recruitment to final maturation. While kitlgb expression remained more or less stable during follicle growth Kit SYSTEM IN THE ZEBRAFISH OVARY and maturation, kitlga exhibited a remarkable increase in expression during the transition from primary growth to previtellogenic stage, an important period in fish folliculogenesis that marks the recruitment of the follicles from the gonadotropin-independent primary growth phase to the gonadotropin-dependent secondary growth phase. This strongly implicated Kitlga in initiating follicle activation for vitellogenesis. This potential function of zebrafish Kitlga appears to agree with that of its counterpart in mammals. Kit ligand and its receptor have been well demonstrated in mammals as having a critical role in early follicle development, particularly the activation of primordial follicles. Injection of neonatal mice with a KIT-specific antibody disturbed the initial follicle recruitment, primary follicle growth, and formation of antral follicles [49] . This has also been demonstrated by in vitro experiments. When cultured in the presence of KITL, the ovaries from neonatal rats contained significantly higher numbers of activated follicles, which could be blocked by specific KIT antibody [50] . Furthermore, in both mice and humans, KITL has a higher expression level in the primary follicles than that in primordial follicles, whereas the KIT expression level remains relatively stable and high from primordial to preantral follicles compared with that in the antral follicles [16, 17, 27, 29, 34, 39] . This is somewhat similar to what we observed in the zebrafish ovary, where kitlga had high expression in the early stages of the secondary growth phase, whereas kita maintained a more or less constant expression level until after final maturation. The expression of kitb was somewhat different from that of kita in that its level dropped during the primary growth to previtellogenic-stage transition, remained stable and low through the midvitellogenic stage, but surged in the full-grown stage before final maturation.
The most interesting changes of Kit system expression during folliculogenesis, particularly the two receptors, occurred in the periovulatory period (i.e., the stage before and after final oocyte maturation). Despite its extremely low expression level in early periods of follicle growth, kitb dramatically increased its expression in the full-grown stage before maturation. However, its level plunged to nearly zero in the ovulated eggs. This could be due to the loss of the somatic follicle layer during ovulation. A recent study in our laboratory showed that kita and kitb expression had distinct localization in the follicle, with kita being expressed exclusively in the oocyte, similar to the situation in mammals, whereas kitb expression was restricted to the surrounding follicle cells (Yao and Ge, unpublished results). In contrast to kitb, kita expression was even lower in the full-grown follicles than in the earlier stages. However, its mRNA abundance surged in the ovulated eggs after final oocyte maturation. In view of the distinct location of kita and kitb in the follicle, the reverse patterns of their expression in the full-grown follicles strongly imply different roles for Kit signaling pathways in the two follicle compartments in preparing the follicles for final maturation.
Further evidence for differential functions of the Kit system members in oocyte maturation, ovulation, or even postovulatory events came from in vivo and in vitro experiments focusing on full-grown follicles and ovulated oocytes. Both ligands and receptors exhibited significant but different patterns of expression in the periovulatory period. A significant increase in kitlga at 600 h, 1 h before GVBD became visible, strongly suggests a potential role for this ligand in oocyte maturation, but its action may be transient because its expression level dropped significantly in the follicles undergoing GVBD at 700 h. In contrast to kitlga, all other members of the family, including kitlgb, kita, and kitb, demonstrated an increase in expression in the GVBD follicles at 700 h, particularly kitb. Interestingly, kita level continued to rise in the ovulated eggs at 800 h, in agreement with the result already described for developmental profiles during folliculogenesis. We are unsure about what happened to kitb at 800 h because of the lack of follicle cells in the ovulated eggs. It was evident that the changes occurring at 700 h were associated with the event of final oocyte maturation because, when comparing mature follicles with immature ones collected at the same time, kitlga had significantly lower levels in the GVBD follicles and all others had higher expression. Similar results were obtained in vitro for kitlga, kitlgb, and kita using follicles that spontaneously matured in culture. Interestingly, despite its increase in expression in the GVBD follicles that matured in vivo, kitb did not show any difference in its expression between immature and mature follicles in vitro. The reason for this discrepancy is unknown. It could be that the increased expression of kitb in the mature follicles in vivo is induced by certain endocrine hormones that are lacking in the in vitro incubation.
Although both in vivo and in vitro data obtained in the present study support an involvement of the Kit system in final oocyte maturation and probably postovulatory events as well, the exact roles by the system, particularly the differential functions of different ligand and receptor isoforms, remain entirely unknown. We have recently established two cell lines producing recombinant zebrafish Kitlga and Kitlgb, which will provide critical tools for future studies on the physiological functions of the system in final oocyte maturation, ovulation, and postovulatory events, including follicle cell apoptosis and fertilization. In mammals, the Kit system has been reported to exert an inhibitory effect on oocyte maturation or meiosis resumption. Microinjection of KIT antisense oligonucleotides into the rat oocytes stimulated the oocytes to resume meiosis [51] . In agreement with this, the oocytes cultured in the presence of Kit ligand were delayed in their resumption of meiosis, and the inhibitory effects could be blocked by a specific antibody against KIT extracellular domain [51, 52] . Furthermore, the membrane-associated form of Kit ligand has been shown to maintain meiotic arrest in rat oocytes in vitro [53] , and human chorionic gonadotropin-induced GVBD was accompanied by a transition of Kit ligand from membraneassociated form to soluble form and the loss of both forms in cumulus granulosa cells [51, 54] . Given that the membraneassociated Kit ligand is more capable of activating Kit receptor than the soluble form [55] [56] [57] , this transition would relieve the inhibition of the oocyte by Kit ligand. Whether or not Kit ligands have similar roles in the zebrafish ovary is unknown; however, the possibility exists because kitlga exhibited a higher expression level in immature full-grown follicles than that in GVBD follicles both in vivo and in vitro.
The possibility that the Kit system may also be involved in the postovulatory events is raised by our observation that kitlgb and kita both started to increase their expression during oocyte maturation and that the levels continued to rise in the ovulated eggs. The exact roles by them after ovulation are entirely unknown. They could be involved in postovulatory follicle cell functions such as proliferation, differentiation and apoptosis, fertilization, or even early embryonic development. These would be interesting issues to address in the future.
Despite that kita expression reached the highest level in the ovulated eggs, it dropped sharply after fertilization, which has led us to speculate that kita may have a functional role in early developmental events such as fertilization. An interesting question arising from this speculation relates to the sources of the ligand activating Kita during these events. According to our data in the present study, kitlgb expression also surged further 1224 in the ovulated eggs, which may serve as the ligand to stimulate Kita in the same cell. To further elucidate this mechanism, future studies on ligand-receptor specificity are essential. In mammals, it is generally accepted that Kit ligand is primarily expressed in the somatic granulosa cells, whereas its receptor Kit is produced by the oocyte, suggesting a follicle cell-tooocyte signaling. However, the expression of both Kitl and Kit has been demonstrated by sensitive RT-PCR in mouse fetal oocytes [58] . Similar evidence has also been reported in humans that KITL and KIT were both detectable in the oocytes of primordial, primary, and preantral follicles [59] . Further evidence for an autocrine action of the Kit system on the oocytes came from the observation that treatment of oocytes with a Kit ligand antibody led to apoptosis in the oocytes [58] . In addition to the oocyte, there have also been lines of evidence supporting autocrine roles of the Kit system in other cell types, including aortic endothelial and smooth muscle cells [60] , neural crest cells [61] , mast cells [62] [63] [64] , and ovarian surface epithelial cells [65] . The second potential source of Kit ligand after ovulation is the sperm that fertilizes the ovulated egg; however, we have no evidence for the expression of kitlga and/ or kitlgb by the zebrafish sperm cells, which would be an interesting issue to address in the future. It has been shown in mammals that the membrane-associated Kitl produced by cultured somatic cells facilitates the adhesion of PCGs that express Kit, which can be blocked specifically by antibodies against Kit or Kitl [66] .
In summary, the zebrafish has two homologues of Kit ligand (kitlga and kitlgb) and Kit (kita and kitb) instead of one copy for each as in mammals. The present study proposed the origin of these homologues in the zebrafish by phylogenetic and chromosome synteny analyses and provided further evidence for neofunctionalization or subfunctionalization for both Kit ligands and Kit receptors in the zebrafish ovary. All four Kit system members exhibited distinct and significant changes in mRNA expression during folliculogenesis, particularly in the periovulatory period before and after final oocyte maturation and ovulation. Based on our observations, the Kit system may have important roles during follicle recruitment from primary growth to the secondary growth phase and late stages of follicle development such as final maturation and ovulation. The function may even extend to postovulatory events such as fertilization and early embryonic development. Future studies of critical importance to our understanding the Kit system in the zebrafish include ligand-receptor specificity, bioactivities of each ligand, and differential regulation of different forms of Kit and Kit ligand. Albeit in an early stage, our study sets a strong foundation for future studies in the zebrafish and provides a broader perspective to understand the Kit system in vertebrate reproduction.
